1990;
. The small estimates of heritability (<.lo) for twinning rate found, which agreed with literature r e viewed by Gregory et al. (199Oa) , as well as the long generation interval and high resource requirement to obtain measures of twinning rate led to the suggestion to use ovulation rate in puberal heifers to select indirectly for twinning rate (Echtemkamp et al., 1990) . preliminary estimates of heritability of ovulation rate in heifers and in cows were reported by Echternkamp et al. (1990) . The authors also suggested that the environmental covariance between number of ovulations in adjacent estrous cycles might be negative because of the possible need for a recovery period. The covariance between ovulation rates in nonadjacent cycles might, however, be positive.
The initial analyses for both ovulation and twinning rates were carried out with a sire and animal within sire model using Method III (Henderson, 1953) type procedures with the mixed-model package of Harvey (1977) . In most analyses, repeatability was estimated to be less than heritability; this was postulated to be due to small negative environmental covariances in adjacent gestations or estrous cycles.
The objectives of this study were 1) to compare estimates of heritabilities and repeatability from the initial analyses with those using REML with an animal model when all numerator relationships among animals are considered, 2) to estimate the environmental covariances among numbers of ovulations for a series of consecutive estrous cycles, and, most importantly, 3) to estimate the genetic cornlation between ovulation rate and twinning rate, which is needed to implement selection for twinning rate using ovulation rate measured in puberal heifers.
Materials and Methods
Procedures for obtaining twinning rate, ovulation rate in cows, and ovulation rate in heifers, as well as the origin of the foundation animals, are described by Gregory et al. (1990a) and Fkhtemkamp et al. (1990) . Many of the records in this study were the same as in their reports and were used to compare methods of estimation of genetic parameters. Analyses to answer the other objectives included data from additional measures of twinning in cows and ovulation in heifers.
Programs of Meyer (1985 of Meyer ( , 1986 of Meyer ( , 1988 of Meyer ( , 1989 , DFREML and REMLPK, were used for the animal model analyses. Single-trait analyses with repeated records (which allow modeling of direct genetic plus permanent environmental effects) were done with the DFREML programs. Derivative free restricted maximum likelihood (DFREML) was described by Smith and Graser (1986) , Graser et al. (1987). and Meyer (1989) . Multiple-trait REML was done with the REMLPK programs after modification to an animal rather than sire model and after changing the quadratics used for estimation of variance components from the rapid convergence ones (VanRaden, 1986) to the ones with slower convergence cited by Jensen and Ma0 (1988) and attributed to Henderson (1984) . The rapid algorithm at times failed to reach convergence; this did not happen with the algorithm of Henderson (1984) .
Fixed effects included in the models followed those of the earlier reports (Echterd a m p et al., 1990; Gregory et al., 199Oa) and are summarized briefly in footnotes to tables in the section on results.
Results and Discussion

Heritability
Estimates from DFREML with an animal model with numerator relationships are compared in Table 1 Table 2 . Estimates of heritability are similar for the two procedures. The DFREML procedure forces all variance components to be nonnegative. Thus, the variance of permanent environmental effects is constrained to be either zero or positive. Consequently, h2 must be less than or equal to r.
Whereas in all animal model analyses h2 was less than or equal to r, in the sire model analyses h2 exceeded r in many cases. The consistency of h2 less than or equal to r with DFREML and the animal model and the fact that all numerator relationships are used suggest the desirability of using the animal model procedure when possible if the model assumptions are met. AU further analyses reported here are with REML and an animal model with numerator relationships. Table 3 lists estimates of genetic parameters with added records. Similarity of estimates for all sets of data shown in Table 1 and in Table  3 led to the decision to use all data in subsequent analyses. Nearly twice as many heifers are included in the analyses summanied in Table 3 compared with Table 1 . Cows with parturitions increased by about 20%.
These results suggest a slightly larger heritability for heifer ovulation rate than for twinning (10 vs 7%) with a permanent environmental variance of approximately 2% for ovulation rate and near zero for twinning. These estimates are from a population founded from many breeds (Gregory et al., 199Oa 
Genetic Correlation
Data available for estimating the genetic correlation between twinning rate and ovulation rate were limited. Thus, several combinations of ovulation measures and twinning measures were analyzed to extract as much information as possible from the data. The first g available sets of data were those for twinnin rate and ovulation rate in cows (Echtemkamp et al., 1990; Gregory et al., 199Oa) . These records were matched in three ways, but the matches for a cow always involved only one measure of ovulation rate and one measure of twinning rate. Year-season of parturition and year-season of measurement of ovulation were the criteria for matching 1) parturition season before ovulation season, 2) parturition season the same as ovulation season (ovulation measure would have been during rebreeding after twinning was measured), and 3) parturition season more than a year after ovulation was measured. The average of estimates of genetic correlations between ovulation and twinning rates in cows shown in Table 4 suggests a high correlation as would be expected because a double ovulation usually must precede a twin birth.
One way to use ovulation rate in heifers to predict breeding value for twinning is to use the average ovulation rate from several estrous cycles, which can be observed at roughly 3-wk intervals from puberty until breeding. Consequently, averages of ovulations from three to eight consecutive estrous cycles in heifers were combined with twinning rate at the first subsequent parturition to estimate the genetic correlation. The summary of those multiple-trait REML analyses is presented in Table 5 . In four of the analyses, the estimate of genetic correlation converged toward 1.00. In all analyses, the estimate of the genetic correlation was large. The analyses were not independent, because all analyses for less than eight cycles included the 200 animals with ovulations measured in eight estrous cycles.
The question of environmental covariances among ovulations in consecutive estrous cycles was approached by considering each measurement as a separate trait with analysis by multiple-trait REML for an animal model. The analysis with eight cycles is summarized in Tables 6 and 7 . A similar analysis with six cycles is not shown.
The patterns were similar for the analyses of six (677 heifers) and eight (610 of the same Table 3 . The environmental covariances presented in Table 7 do not show any obvious pattern of negative covariances between adjacent measurements or positive covariances between measurements separated by greater lengths of time. The average environmental covariances are .0014 for the analysis of six cycles and .W1 in Table 7 , which are only 1 to 2% of the average environmental variances of .0992 and .1034. The covariances for adjacent measurements are .0022 and .0042, for measurements two cycles apart are .0023 and .0056, for measurements three cycles apart are .0041 and .0046, and are generally slightly negative for measurements four or more cycles apart. 
Conclusions
Heritability estimates were similar using the animal model with DFREML, and using the sire and animal within sire model with Method IU estimation. Estimates of repeatability were more in agreement with the repted records model with the animal model than with the sire and animal within sire model, for which several negative estimates of permanent environmental variance were found. The animal model also incorporates all numerator relationships and thus seems preferable to the sire model when computer capacity is sufficient.
Environmental covariances among ovulation rates for consecutive estrous cycles do not suggest a pattern of negative covariances for measurements in adjacent cycles. The environmental covariances are small relative to environmental variances.
Genetic correlations among ovulation measurements in consecutive estrous cycles seem to be much less than unity, about .63 to .66. The genetic correlation between ovulation rate and twinning rate seems to be large, approximately .80 based on data from cows and .90 based on data from puberal heifers.
Implications
The results shown in this paper confirm the idea that ovulation rate in puberal heifers could be used effectively to select for breeding value for twinning rate. A large genetic correlation of .80 to .90 found here is the key part to confirming the theoretical advantage of indirect selection for twinning rate based on ovulation rate. Another important factor is that heritability for ovulation rate is at least as large as that for twinning rate. Two other factors are obvious. Several measurements of ovulation rate can be ma& in puberal heifers before breeding, which increases markedly the effec- tiveness of indirect selection. The measures of ovulation rate are also available a year earlier than a single measure of twinning rate at first parturition, when twinning frequency is less than at older ages.
